Background-Previous clinical studies of autosomal dominant polycystic kidney disease (ADPKD) reported that loss of kidney function usually follows a steep and relentless course. A detailed examination of individual patterns of decline in estimated glomerular filtration rate (eGFR) has not been performed. Study Design-Longitudinal post hoc analysis of data collected during the Halt Progression of Polycystic Kidney Disease (HALT-PKD) trials. Setting & Participants-494 HALT PKD Study A (younger study participants, preserved eGFR) and 435 Study B (older study participants, reduced eGFR) who had > 3 years of follow-up and ≥ 7 eGFR assessments. Measurements-Longitudinal eGFR assessments using the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) creatinine equation. Predictors-Demographic, clinical, laboratory and imaging features of participants. Outcomes-Probability of linear and nonlinear decline patterns or of stable eGFR calculated for each participant from a Bayesian model of individual eGFR trajectories. Results-The majority of participants (62.5% in Study A and 81% in Study B) had a linear decline in eGFR during up to 8 years of follow-up. A proportion (22% in Study A and 13% in Study B) of progressors had a nonlinear pattern. 15.5% of participants in Study A and 6% in Study B had a prolonged (≥ 4.5 years) period of stable eGFR. These individuals (Study A) had significantly smaller total kidney volumes, higher renal blood flow, lower urinary albumin excretion, and lower body mass index at baseline and at study end. In Study B participants with reduced but stable eGFR were older than the progressors. Two thirds of nonprogressors in both studies had PKD1 mutations, with enrichment for weak nontruncating mutations.
(ESRD) is 56 years for patients with the more common PKD1 genotype and 73 years for those with a PKD2 mutation [2] [3] [4] [5] .
Although renal cysts start to develop in utero and grow throughout life, glomerular filtration rate (GFR) usually remains normal until the 4 th or 5 th decade, likely due to compensatory hyperfiltration by noncystic nephrons 6, 7 . Previous natural history studies concluded that once GFR begins to fall, there is a relentless downhill course to ESRD within 5-10 years [7] [8] [9] [10] . In the MDRD (Modification of Diet in Renal Disease) Study, ADPKD patients had a very fast decline in measured GFR of 5.8 mL/min per year 11 . Several recent publications have described nonlinear trajectories of kidney function decline and prolonged periods of nonprogression in a significant number of patients with chronic kidney disease (CKD) of different etiologies [12] [13] [14] . Long-term follow-up of individual trajectories may identify factors associated with periods of stable kidney function and periods of faster decline, thus providing opportunities for intervention 15 .
Individual patterns of kidney function decline over time have not been studied in large cohorts of patients with ADPKD. We used data from the recently completed Halt Progression of Polycystic Kidney Disease (HALT-PKD) trials 16, 17 to test the hypothesis that GFR decline in ADPKD is not always linear and rapid, and that periods of stability can occur even in advanced disease. Significant deviations from a linear pattern of estimated GFR (eGFR) decline complicate patient care because optimal timing of dialysis access creation or preemptive kidney transplantation will be less predictable. Clinical trials for testing interventions would need to be larger and of longer duration if there is a substantial proportion of individuals with ADPKD who have spontaneous nonlinear patterns of eGFR decline.
METHODS

Study Population
The design of the HALT PKD trials (ClinicalTrials.gov study numbers NCT00283686 and NCT01885559) and primary results have been published [16] [17] [18] . The trials adhered to the Declaration of Helsinki and were approved by the Institutional Review Boards of each center. All study participants gave informed consent. Study A randomized 558 subjects (aged 15-49 years, eGFR >60 mL/min/1.73 m 2 ) in a 2×2 factorial design to either a low (95/60-110/75 mmHg) or standard (120/70-130/80 mm Hg) blood pressure (BP) goal using either lisinopril and placebo or lisinopril and telmisartan, with other medications added as needed to achieve the BP goal (based on home BP measurements). Study B randomized 486 patients (aged 18-64 years, eGFR 25-60 mL/min/1.73 m 2 ) to either lisinopril and placebo or lisinopril and telmisartan to achieve a BP goal of 120-130/70-80 mmHg. Subjects were treated for 5-8 years in both studies. Sufficient (> 3 years) follow-up time to calculate eGFR trajectories was available for 494 Study A and 435 Study B participants who are the study population for this analysis.
Cardiac and renal magnetic resonance imaging (MRI) was obtained at baseline and after 2, 4 and 5 years in Study A but not in Study B. Mutation analysis was performed as described by Heyer et al 19 .
The primary outcome for Study A was percent annual increase in total kidney volume (TKV); for Study B the composite of time to ESRD, death, or 50% reduction in eGFR. We used the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) creatinine equation to calculate eGFR 20 , based on centralized serum creatinine measurements by isotope-dilution mass spectrometry (IDMS) at baseline, 4 and 12 months, then every 6 months until either the trial ended (Study A and B) or a subject reached an end point (Study B only).
Clinical events, particularly hospitalizations and episodes of acute kidney injury (AKI), were documented at each patient visit and reviewed by an adjudication committee. AKI was defined as an elevation of serum creatinine by ≥ 0.3 mg/dL from the most recent baseline within a fitting clinical context. Data about gross hematuria were obtained from symptoms questionnaires.
Statistical Analysis
We categorized 929 individual eGFR trajectories into 3 mutually exclusive groups: 1) progressive and linear, 2) progressive and nonlinear, and 3) nonprogessive (linear and nonlinear combined due to small numbers). The term nonprogressive applies to the time frame of the HALT PKD trials and does not imply that ADPKD is a nonprogressive disorder in some patients. All analyses were run separately for Study A and Study B.
Following the approach of Li et al. 12, 21 , we used Bayesian smoothing models to estimate the individual eGFR trajectories for each of the 494 Study A and 435 Study B participants, using R statistical software, version 3.1.3 (R Foundation for Statistical Computing). Bayesian smoothing models allow individual eGFR trajectories to be estimated using information from the raw data, but without bias from the analyst implementing the models. Similar to Li et al., 12 we classified individual trajectories as being nonlinear if the difference in mean slopes between the first and second halves of the follow-up period was > 3 ml/min/ 1.73 m 2 per year. We also classified trajectories as having a significant nonprogression period if all of the following were satisfied: 1) the length of the period was at least 4.5 years or the entire follow-up period for the participant; 2) the slope was no steeper than −2 ml/min/1.73 m 2 per year during every month of the period; and 3) the average decline in eGFR during the entire period was no more than 1 ml/min/1.73 m 2 per year, which equals the generally accepted age-related decline 12 . Posterior probabilities of nonlinearity and nonprogression were calculated as the proportion of 3,000 Monte Carlo simulated trajectories that satisfied the criteria 12 . If the probability of nonlinearity was > 0.5, we classified the trajectory as nonlinear; similarly, if the probability of nonprogression was > 0.5, the trajectory was classified as nonprogressive.
For each study, baseline demographic and clinical characteristics were summarized across the 3 trajectory groups using sample means and standard deviations or sample proportions. We also examined the distribution of genotype (both studies) and MRI class (Study A), an index of kidney disease severity based on TKV at a given age 22 , across the trajectory groups (imaging not performed in Study B). Between-group comparisons were made using analysis of variance (ANOVA) and Chi Square tests, or their non-parametric counterparts. Associations between trajectory groups and outcomes (annual rate of TKV increase and slopes of eGFR decline) were assessed using linear mixed models. Predictors included month, separate interactions between month and each of the study arms (BP goal and drug), trajectory group, the month-by-trajectory group interaction, and random effects for the intercept and slope. Finally, the rates of clinical events (AKI, hematuria, and hospitalizations) were calculated for each trajectory group and further split between participants based on whether they experienced steeper eGFR declines in the first half of study follow-up. Statistical analyses were performed using SAS 9.4 and R version 3.1.3. The three groups were similar in many baseline characteristics, including age, gender, baseline eGFR and left ventricular mass index (Table 1 ). However, the nonprogressors (as defined for this study) had significantly smaller TKV and height-adjusted TKV, higher renal blood flow, and lower urinary albumin excretion than the 2 progressor groups. The nonprogressors contained a higher proportion of low-risk (class 1A and 2A of the Irazabal imaging classification 22 ) and a lower proportion of high-risk (class 1D and 1E) patients than the 2 progressor groups ( Table 1 ). Mean slopes for annual TKV increase were 6.4% (95% confidence interval [CI], 6.0-6.8) for linear progressors, 6.3% (95% CI, 5.6-7.0) for nonlinear progressors, and 4.8% (95% CI, 4.0-5.7) for nonprogressors (p = 0.006 between groups).
RESULTS
Study
The BPs during the trial were similar in the three groups, but the number of medications needed to achieve the BP goal was slightly lower in the nonprogressor group (Table 2) . By definition, eGFR decline was significantly greater in the progressors than the nonprogressors who had no significant change in eGFR (mean slope, 0.09 [95% CI, −0.4 to 0.5] mL/min/ 1.73 m 2 per year; p = 0.7). Mean slopes for linear and nonlinear progressors were −3.5 (95% CI, −3.2 to −3.7) and −3.7 (95% CI, −3.3 to −4.0) mL/min/1.73 m 2 per year (p < 0.001 between groups). We found no relationship between baseline age and rate of eGFR decline in linear progressors (Table S1 ).
Nonprogressors had a lower body mass index (BMI) that was not explained by their smaller TKV (only 400-500 ml) nor due to lower muscle mass, as daily creatinine excretion was not different from progressors either at baseline or at the end of the trial (Tables 1 and 2 ). While all subjects gained weight, nonprogressors were significantly slimmer both at the beginning and end of the trial.
The majority (62%) of nonprogressors had the PKD1 genotype and 84% had a family history of ADPKD, therefore typical disease. Weak nontruncating PKD1 mutations as described by Heyer et al. 19 were enriched among the nonprogressors but were not exclusive, as 44% had a truncating PKD1 mutation (table a of Item S1).
Episodes of AKI were slightly more frequent in the progressor groups, whereas gross hematuria and hospitalizations were equally common in the 3 groups (Table S2) , with no obvious temporal relationship between these events and steeper eGFR slope (Item S2).
Study B
Mean follow-up time for the 435 Study B participants was 5.4±1.4 years; 352 (81%) were classified as linear progressor (Fig. 1) ; 58 (13%), as nonlinear progressor (Fig. 2) ; and 25 (6%), as nonprogressor ( Fig. 3 ).
The 3 groups were similar in all examined baseline characteristics except for age; interestingly, the nonprogressors (14 male, 11 female) were older than the progressors (Table  3 ). Muscle mass, estimated by daily creatinine excretion, was not significantly different between the 3 groups. The BPs during the trial and number of medications needed to achieve the goal were not different between groups (Table 4 ). Nonprogressors remained in the trial significantly longer because none of them reached an end point, whereas over 50% of progressors did (Table 4 ). Nonprogressors had a nonsignificant decline in eGFR (mean slope, −0.55 [95% CI, −1.16 to 0.07] mL/min/1.73 m 2 per year; p = 0.08), whereas mean slopes for linear and nonlinear progressors were −3.9 (95% CI, −3.8 to −4.1) and −3.8 (95% CI, −3.3 to −4.2) mL/min/1.73 m 2 per year (p < 0.001 between groups). Among linear progressors, younger age was associated with faster progression; a 10-year decrease in baseline age resulted in a 0.86 mL/min/year steeper eGFR slope (p < 0.001) (Table S1 ).
Two thirds of the nonprogressors in Study B had the PKD1 genotype; one third of those had a truncating PKD1 mutation, but weak nontruncating mutations were more common among the PKD1 nonprogressors (table b of Item S1). Most (76%) nonprogressors in Study B had a family history of ADPKD, suggesting typical disease.
Episodes of AKI occurred more frequently in the nonlinear progressor group, hematuria was most common among nonprogressors, whereas hospitalizations occurred with similar frequency in the 3 groups (Table S3 ). There was no obvious temporal relationship between these events and steeper eGFR slopes (Item S2).
Because over 90% of families in both studies had only one member participating and contributing data, assessment for family clustering of eGFR trajectory patterns was limited (Table S4 ).
nonlinear trajectories of progression are seen in up to 40% of patients [12] [13] [14] [15] . Here we explore the individual progression patterns of 929 participants in the HALT PKD trials using similar statistical techniques as described previously 12 . We are unaware of other large-scale examinations of actual eGFR trajectories in ADPKD.
The majority of participants in the HALT PKD trials did have a linear progressive loss of kidney function, even if they started with a normal baseline eGFR of ≥ 90 mL/min/1.73 m 2 . However, a significant proportion of progressors (26% in Study A and 14% in Study B) had periods of variable slopes resulting in nonlinear patterns as defined in this study. Nonlinear patterns had many different shapes; periods of slow or no eGFR decline could be followed by periods of faster decline, and vice versa. Duration of these periods was 2-4 years. Because the categorization of (non)linearity is based on the average of 3000 simulations of eGFR trajectories, it is unlikely that nonlinearity was simply caused by outlying data points or physiological GFR variability, particularly in progressors who already had declining kidney function. Mild to moderate changes in body weight are also not a major factor, as creatinine excretion was not different between pattern categories, and in AASK (African American Study of Kidney Disease and Hypertension) there was no association between moderate weight change and eGFR 24 . Intake of nonsteroidal or other medications that could change GFR was discouraged for all HALT PKD participants.
We could not identify any predictors for nonlinear trajectories either at baseline or during the trials. Events such as AKI, gross hematuria and hospitalizations occurred with similar frequencies during periods of steep and less steep or stable eGFR, but numbers were low. Study A participants were generally healthy and had infrequent hospitalizations or AKI 16, 18 . In Study B there was a slightly higher incidence of AKI and hospitalization in nonlinear progressors but no clear temporal relationship with steeper GFR decline. It is likely that eGFR trajectories reflect a complex interplay between genetic, environmental and life event factors, coupled with varying capability of remaining nephrons to compensate. In addition, although cysts appear to grow at a constant rate, the effect on GFR may not be linear, because cysts located in the medulla can suddenly obstruct a much larger number of collecting ducts when they reach a critical size than peripheral cysts, leading to an abrupt decline in GFR, with subsequent stabilization due to adaptation of remaining nephrons 7 .
The observation that patients with ADPKD have periods of varying eGFR decline may not be new to clinicians, but here we have quantified the frequency with which this occurs by an unbiased method. The finding that eGFR can stabilize or improve for a few years, even at a very reduced level, is novel, and is in contrast to other recent studies which generally describe an accelerated loss of kidney function in the last 2 years before initiation of dialysis 13, 14 . Our findings have implications for clinical care (e.g. kidney transplantation may be safely postponed) as well as for design of interventional trials, which needs to account for spontaneous changes in eGFR slopes that cannot be predicted by clinical variables 25 .
Almost 16% of Study A participants had no significant decline in eGFR during HALT PKD, although they had the same age and similar baseline eGFR as the progressors. However, they had significantly smaller TKV and a slower growth rate, consistent with previous reports from the Consortium for Radiologic Imaging Studies of Polycystic Kidney Disease (CRISP), where baseline height-adjusted TKV ≥ 600 mL/m predicted progression to stage 3 CKD within 8 years (sensitivity, 74%; specificity, 75%) 26, 27 . Although the mean increase in TKV among nonprogressors was 4.8% per year, corresponding to MRI class 1D of the Irazabal classification 22 , these nonprogressors had a significantly higher percentage of subjects with mild disease (MRI classes 1A/2A) and a lower proportion with severe disease (MRI classes 1D/E) than the progressors. Nonprogressors with higher MRI classes were younger than progressors and still at an early stage of ADPKD when GFR declines are not yet apparent (Table S5 ). Nonprogressors had higher renal blood flow than progressors at baseline and even more pronounced at 5 years, consistent with an earlier disease stage, as impairment of renal blood flow precedes the decline in eGFR [28] [29] [30] .
Nonprogressors in Study A had significantly lower BMI than progressors, not explained by their slightly smaller kidneys. This is intriguing in light of recent animal studies demonstrating that mild-to-moderate food restriction can ameliorate PKD without malnutrition 31, 32 . Employing food restriction is based on the observation that PKD1 mutant cells use aerobic glycolysis for energy production, and that glucose deprivation results in lower cell proliferation 33 . Maintaining a lower BMI in young adulthood may slow the progression of ADPKD.
The nonprogressor group in Study B, although small, is perhaps the most remarkable. These subjects were older than the progressors but their change in eGFR during 6.6 years of observation was less than the age-related decline, in the absence of significant weight or muscle mass loss. These subjects may represent the mildest end of the relationship between older age at onset of kidney function loss and slower rate of decline that we describe for Study B. Nonprogressors had a slightly lower incidence of AKI than progressors, but similar frequencies of hematuria and hospitalizations.
Interestingly, approximately two thirds of nonprogressors in both studies had the PKD1 genotype. PKD1 families with late-onset or no ESRD have been reported previously [34] [35] [36] , and approximately one third of PKD1 mutations are nontruncating, resulting in milder disease 37 . Here we demonstrate enrichment of weak nontruncating PKD1 mutations among nonprogressors of both Study A and B. Subjects with no mutation detected are also enriched among nonprogressors; some might have the recently discovered and rare GANAB (glucosidase IIα subunit) mutation, which causes very mild ADPKD 38 . Genetic mosaicism due to new mutations could account for a few nonprogressors, but most nonprogressors did have a family history of ADPKD.
HALT PKD had four treatment arms 16, 17 , but participants were similarly distributed among study arms across the 3 pattern groups (see Table 1 and Table 3 ). This indicates that treatments did not have a differential effect on patterns of eGFR decline.
Limitations of this analysis are the relatively short observation time of 5-8 years and limited information about individual clinical events. Other shortfalls are the absence of MRI imaging in Study B and the use of eGFR as opposed to measured GFR, which is more accurate but not practical to obtain in large trials. A recent report from the Chronic Renal Insufficiency Cohort (CRIC) study concluded that assessing declines in measured versus estimated GFR did not improve prediction of ESRD 39 .
Study strengths are the large number of individuals with ADPKD; centralized IDMStraceable serum creatinine determinations obtained every 6 months; rigorous analysis using Bayesian models; detailed genetic data; and meticulous BP control in all subjects, avoiding confounding by uncontrolled hypertension. Patients with diabetes, proteinuria, significant heart disease or systemic illness were excluded from enrollment, thus minimizing confounding by comorbidities with negative impact on kidney function.
In summary, this is to our knowledge the first large analysis of individual patterns of eGFR decline in ADPKD. Loss of kidney function is not always linear and rapid; prolonged stabilization of GFR can occur even in advanced disease. Future trials evaluating the effect of treatment on eGFR will need to recognize the fact that eGFR slopes in ADPKD can have varying configurations and can change in 13%-22% of patients without apparent cause.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. * p value from log transformed variable ε 2 subjects had initial 24-hour creatinine excretion of 3.5 and 3.8 g/24 h with sodium excretion of 309 and 520 mmol/24 h, therefore these were likely significant over-collections; the 2 subjects did not report taking any dietary creatine-containing supplements. Excluding those 2 subjects from the nonprogressor analysis shows an initial creatinine excretion of 1535 ± 452 mg/24 h. ACEi: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; BMI: body mass index; BP: blood pressure; DBP, diastolic BP; eGFR: estimated glomerular filtration rate (using Chronic Kidney Disease Epidemiology Collaboration creatinine equation); HTN: hypertension; NMD: no mutation detected; PKD, polycystic kidney disease; SBP, systolic BP; TKV: total kidney volume.
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